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Abstract
We propose a new method, using the Andreev reflection at superconductors, to measure par-
ity violation induced by the standard electroweak theory, which in turn constrains the possible
parity-violating effects of new physics. The weak neutral currents induce parity-violating, marginal
effective operators, though quite tiny, in superconductors. We estimate their effects on supercon-
ducting gaps and propose a method to measure the parity-violation from the spin polarization
effect, when electrons or holes get Andreev-reflected at the interface between normal metal and
a superconductor. Such polarization effects might be comparable to the atomic parity violation
and thus naturally give an interesting bound on certain models of new physics, that couples to
electrons, such as Majorana mass of active neutrinos or doubly charged Higgs.
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I. INTRODUCTION
Weak interaction is the only fundamental force, known to break parity. The parity is
broken at the fundamental level, as the standard electroweak theory, that unifies the weak
and electromagnetic forces, is chiral. The striking phenomena of parity non-conservation in
the electroweak process are prominent in deep inelastic scattering of neutrinos off nucleons,
that confirms the existence of the weak neutral currents, as predicted by the standard
model of particle physics [1, 2]. However, the parity violation effect is very difficult to
detect at long distances, because the weak interaction is of very short range. Over the years
since a possibility of measuring parity-violation in heavy atoms was noted by Bouchiat and
Bouchiat [3], a set of ingenious experiments has been performed and verified such parity
violation in atoms, by measuring the difference in the transition rates of atoms induced by
polarized photons [4–6].
The observation of atomic parity violation (APV) has not only confirmed the standard
electroweak theory but also highly constrains possible new physics beyond the standard
model [7–9], which might produce a large parity-violation at low energy. In this letter we pro-
pose another method to measure the parity violation at low energy, using superconductors.
Since superconductors exhibit macroscopically the quantum phenomena of Bose-Einstein
condensation of Cooper-pairs, the microscopic violation of parity can be dramatically am-
plified in superconductors. As the underlying force of Cooper pairing in superconductors
preserves the parity, any parity violating effect on Cooper-pairing can therefore lead to
observable consequences. We first estimate the effect of the parity-violating standard elec-
troweak theory in the Cooper-paring gap and then propose as its observable consequences
the spin-polarization of electrons or holes, when they get Andreev-reflected at the interface
of metal and superconductor. Because of the parity-violation the superconducting gap is
helicity-dependent to result in an order of 10−15 difference in the gap of two different helicity
eigenstates, which might be comparable to APV in the dipole matrix element, 10−11|e|a0 [10],
if the Bose-Einstein condensation effect is taken into account.
Finally we consider the new physics effects due to the Majorana mass of active neutrinos
and the extended Higgs sector of the standard model, whose effects on the superconductivity
possibly enhance the parity-violation. Majorana neutrino mass will have an observable
consequence in a system where the lepton number is spontaneously broken as in (electronic)
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superconductors. We also show that new physics models such as the minimal model of type
II seesaw [11, 12] or models with Majorana particles can be stringently constrained.
II. EFFECTIVE THEORY
The low energy effective theory of electrons of mass m∗ in metal is described by a La-
grangian density with a chemical potential µ
Leff = Ψ†
[
iDt +
1
2m∗
(
~σ · ~D
)2
+ µ
]
Ψ +
g
Λ2
(
Ψ†σ2Ψ
)2
+ · · · (1)
where Ψ = (Ψ↑,Ψ↓)T is the two-component electron field of spin up and down, σi’s (i =
1, 2, 3) are the Pauli matrices, and Dµ = ∂µ + ieAµ is the covariant derivative of quantum
electrodynamics. The four-Fermi interaction is the leading term due to phonon exchange
interactions of electrons, expanded in powers of derivatives. The ultraviolet cut-off Λ is the
Debye energy or the characteristic energy of phonons, ~ωD, below which the effective theory
is valid. The relevant symmetry of the system for our discussion is the spin symmetry and
the electromagnetism, SU(2)S × U(1)em.
Since the attractive four-Fermi interaction is marginally relevant for electrons with op-
posite momenta near the Fermi surface, the four-Fermi interaction derives the electrons to
form Cooper-pairs and condense, opening a superconducting gap at the Fermi surface that
breaks not only the U(1)em but also the electron numbers. Since the bulk of electrons except
those lying near the Fermi surface are irrelevant in describing the low-energy properties of
conductors, we may expand the electron field to describe modes near the Fermi surface as,
following the high density effective theory (HDET) [13],
Ψ(x) =
∑
~vF
ei~pF ·~x ψ(~vF , x), (2)
where ~pF = m∗~vF is the Fermi momentum and the summation is over the patches of the
Fermi surface, labeled by the Fermi velocity ~vF .
In the non-relativistic formalism the chirality of electrons is nothing but their helicity.
To see this we consider a four-component spinor in the basis of chirality,
ψ(x) =
ψL
ψR
 , (3)
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where the left (right)-handed spinors are defined as ψL =
1
2
(1 + γ5)ψ and ψR =
1
2
(1 −
γ5)ψ respectively. Each spinor has both negative and positive energy states. In the dense
fermionic matter the positive energy states near the Fermi surface are give as
ψ( ~vF , x) =
1 + ~α · vˆF
2
e−i~pF ·~x ψ(x) , (4)
where ~α = γ0~γ is the spin operator and vˆF = ~vF/|~vF | [13]. We see that therefore the left
(right)-handed positive-energy spinor is the electron near the Fermi surface with spin (anti)-
parallel to the Fermi momentum. In other words, ψL(~vF , x) = ψ↑(~vF , x) and ψR(~vF , x) =
ψ↓(~vF , x) .
As the Cooper pairs in ordinary superconductors are spinless, the condensate takes the
following form in the basis of chirality:〈
ψTL(−~vF , x)ψL(~vF , x)
〉
= KL e
iφL/FL ,
〈
ψTR(~vF , x)ψR(−~vF , x)
〉
= KR e
iφR/FL , (5)
where the left-handed (right-handed) electrons have spin opposite (parallel) to their Fermi
momenta. In general, the condensates of left-handed electrons need not be equal to those
of right-handed electrons. But, since the dynamics of electrons in conductors is governed
by the phonon-exchange interaction and the electromagnetic interaction, which are parity-
invariant, we have KL = KR (≡ K) and FL = FR (≡ F ). When the Cooper-pairs condense,
a superconducting gap opens for electrons of both helicities at the Fermi surface (i = L,R),
Ei(~p) = ±
√(
~p2
2m
− ~p
2
F
2m
)2
+ ∆2i , ∆i = |Ki| /p2F . (6)
The superconducting gap is nothing but a Majorana mass of electrons at the Fermi momen-
tum that does not conserve the electron number [14]. The mass term for superconducting
electrons is given in HDET as
Lmass = −∆L ψ¯CL (~vF , x)ψL(~vF , x)−∆R ψ¯CR(~vF , x)ψR(~vF , x) + h. c., (7)
where the summation over the patches is suppressed and ψC ≡ Cψ¯T is the charge conju-
gate field [15]. Since the condensates preserve the SU(2)S spin symmetry, KL = KR or
∆L = ∆R (≡ ∆), only the vectorial combination of the small fluctuations of the condensate
constitutes the supercurrent1
jµ(x) = F i∂µφ(x), φ = φL + φR. (8)
1 The difference between two phases will constitute the axion currents.
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FIG. 1. The triangle denotes the superconducting gap of electrons and the wiggly lines denote the
weak Z boson.
The superconducting gap makes the small fluctuations of Cooper pairs be the supercurrent
excitations and any magnetic fields are expelled outside the superconductor, known as the
Meissner effect.
Since in addition to the phonon exchange interaction the electrons do interact with each
other by the Z-boson exchange, the left and right-handed electrons will open gaps slightly
differently, signifying the parity-violation. The weak neutral currents of electrons, that
couple to the weak Z bosons, are given as
JZµ = −ψ¯LγµψL + 2 sin2 θW ψ¯γµψ . (9)
At low energy the Z-boson exchange interaction can be approximated as the effective four-
Fermi interaction
LNCeff = −
GF√
2
JZµ J
Zµ . (10)
The Z-boson exchange interaction induces the parity-violating corrections to the Cooper-
pairing gap (See Fig. 1)
δ∆ = ∆R −∆L =
(
1− 4 sin2 θW
) · GF√
2
· 2p
2
F
pi2
∆
vF
· ln
(
EF
∆
)
≈ 1.2× 10−15 ∆ , (11)
where we have taken sin2 θW = 0.23, EF = p
2
F/(2m∗) = 10 eV, ∆ = 10
−2 eV .
III. ANDREEV REFLECTION
When an electron of energy lower than the gap (E < ∆) gets scattered at the boundary of
the superconductor from the normal state, it does not penetrate into the superconductor but
it gets only reflected at the boundary because of the energy barrier for electrons to enter the
superconductor. However electrons can transfer twice of their charge to the superconductor
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by so-called Andreev reflection at the boundary [16]. When electrons enter a superconductor,
it will disappear into vacuum, leaving behind a hole with spin parallel, but momentum
opposite to the initial electron, known as Andreev reflection [16], since the quantum numbers
of the condensate of Cooper pairs can flow into or out of the vacuum in superconductors.
In an ideal case the probability of Andreev reflection is one when the energy of incoming
electron is less than the gap and the interface barrier has 100% transparency. However
in a non-ideal case, where the transparency is not 100%, the probability is in general a
function of the superconducting gap. The larger the gap is, the more electrons or holes get
Andreev-reflected [17]. Therefore, if unpolarized electrons enter, the Andreev-reflected holes
will be polarized due to the difference in the superconducting gaps of left-handed electrons
and right-handed electrons. Namely, as ∆L > ∆R, the electron with spin parallel to the
momentum, corresponding to the left-handed electron, will get more Andreev-reflected to
holes with spin-polarized, parallel to the momentum, but moving opposite to the initial
electron.
The Andreev reflection occurs at the interface of normal metals and superconducting
metals. Let’s suppose the interface is at the x = 0 plane. Then, the Majorana mass term in
(7) can be expanded as
θ(x)∆eiφ/F ψ¯ψC = θ(x)∆ψ¯ψC + θ(x) ∆
iφ
F
ψ¯ψC + · · · , (12)
where φ(x) is the supercurrent field. Using the equation of motion for the gapped electrons,
we find the coupling between the supercurrent field and the gapped electrons,
Ly = i
F
θ(x)φ(x) ∂µ
[∑
~vF
ψ¯(~vF , x)γ
µ
q ψ(~vF , x)
]
+ · · · , (13)
where the ellipsis denotes the higher order terms in φ and γµq = (γ
0, vˆF vˆF · ~γ). This new
coupling in (13) together with the phonon induced four-Fermi interaction in (1) will generate
the effective Andreev vertex
Lar = iκ δµ(x) ∂µφ ψ¯Cσ2ψ , (14)
where δµ(x) = ∂µθ(x) and the Andreev coupling at one-loop, treating the Andreev scattering
perturbatively, is given as (See Fig. 2.)
κ =
g
2pi2
· ∆
F
· p
2
F
Λ2
ln
(
EF
∆
)
. (15)
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FIG. 2. The triangle denotes the superconducting gap of electrons and h denotes the hole.
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FIG. 3. The (one-loop) weak-interaction induced four-Fermi operators in superconductors, when
active neutrinos have a Majorana mass. The triangle denotes the superconducting gap of electrons
and the cross denotes the Majorana mass of neutrinos. The wiggly lines denote the weak gauge
bosons, W± and Z.
IV. NEW PHYSICS
In the effective theory of superconductors, the Majorana neutrino mass, mν , will induce
by the weak interaction an operator like (see Fig. 3)
h ψeL(~vF , x)ψeL(−~vF , x)ν¯eL(x)ν¯eL(x) (16)
where the coupling constant is found to be for EF ' 10 eV
h ' 1.3 · G
2
F
32pi2
∆mν · ln
(
E2F
∆2
)
· ln
(
E2F
m2ν
)
' 10−27 GF√
2
(
∆
10−3eV
) ( mν
10−1 eV
)
. (17)
The interaction induced by the Majorana neutrino mass is therefore about 10−27 times
weaker than the weak interaction. This becomes the leading interaction that couples the
supercurrent to active neutrinos, if we replace the coupling by h eiφ/F , where φ is the su-
percurrent field or the Nambu-Goldstone field and F is a constant analogous to the pion
decay constant. After integrating out the gapped electrons, the effective Lagrangian for
supercurrent contains a term, given as
Leff 3 h∆ p2F eiφ/F ν¯eL(x)ν¯eL(x) + h.c. (18)
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NFIG. 4. The extra contribution (δ∆) to the left-handed condensates of electrons, obtained by
closing the external neutrino lines in Fig. 3. The curly lines are the weak gauge bosons and the
triangle (cross) denotes the superconducting gap (Majorana neutrino mass).
Since the Majorana neutrino couples chirally to the electrons, the condensate is no-longer
parity-invariant. The condensate of electron Cooper-pairs has extra contributions from the
Majorana neutrino mass, breaking parity, shown in Fig. 2,
δ∆ = ∆L −∆R = 10−36 ∆
( mν
0.1 eV
)2 ( EF
10 eV
)2
, (19)
where mν is the Majorana mass of the electron neutrino and EF is the Fermi energy of
the superconductor. Any physical phenomena, such as Josephson currents [18] or Andreev
reflection [16], which probe directly the superconducting gap, will be therefore sensitive to
the Majorana neutrino mass.
Finally we mention two other possible intriguing phenomena that can be seen in the
measurement of the Andreev-reflection in our proposal. First one is the CP-violation in the
neutrino sector. After measuring the mixing angles of three flavor neutrinos precisely the
measurement of the CP-violating phase of PNMS matrices in the long-based line experiment
is within the reach [19, 20]. If the CP-vilolating phase in the neutrino sector is non-vanishing,
it will appear as the phase of Majorana mass term of neutrinos and therefore the Andreev-
reflection probability will be different for electrons and holes to result in CP-asymmetry.
Secondly, if the spin-polarization effect of the Andreev reflection is measured, it will set a
stringent bound on certain beyond standard models (BSM), which have Majorana particles
or some extension in the Higgs sector, coupled to electrons.
Suppose there exists a heavy, doubly charged Higgs, as predicted in the minimal model
of type II seesaw [11, 12]. It will then generate an effective four-electron operator in super-
conductors, shown in Fig. 3,
L4F = y
2
M2H
(
ψ¯cLψL
)2
+ h.c. . (20)
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FIG. 5. The four-Fermi interaction generated by the exchange of doubly charged Higgs, denoted
as the dotted line.
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FIG. 6. The superconducting gap, denoted as the triangle, induced by the doubly charged Higgs.
Similarly to the Majorana neutrino this effective four-electron operator due to the doubly
charged Higgs will contribute to the superconducting gap of the left-handed electron (See
Fig. 6). Taking the Yukawa coupling y ∼ O(1), we get
δ∆L
∆L
∼ 10−16
( pF
3 keV
)2
·
(
500 GeV
MH
)2
, (21)
which turns out to be much bigger than the effect of Majorana neutrino.
To conclude we estimate the effect of the parity-violating weak interactions on the su-
perconducting gap, which might constrain the possible new physics. We also find a new
operator in an effective theory of superconductors, which is generated by the Majorana neu-
trino mass. This operator will induce additional contributions to the superconducting gap
of electrons, which is nothing but the Majorana mass of electrons near the Fermi surface.
Though this additional contribution to the gap is extremely small, δ∆/∆ ∼ 10−36, it might
have an observable effect in physical processes that are sensitive to the superconducting gap.
We find that holes or electrons are polarized by the Andreev reflection at the interface of
normal metal and superconductor due to the difference in the superconducting gaps of left-
handed electrons and right-handed electrons, when active neutrinos have Majorana mass.
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This polarization effect might be therefore used to measure the Majorana neutrino mass.
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